2 25 Abstract 26 Animals feeding on plants (herbivorous) may have nutritional deficiencies and 27 use bacterial nitrogen fixation in guts to compensate unbalanced diets with high carbon 28 and low nitrogen. Using the acetylene reduction assay we searched for nitrogen fixation 29 in the feces from several herbivorous animals in captivity. We detected acetylene 30 reduction in feces from two African spurred tortoises, Centrochelys sulcata and in feces 31 from six Gopherus berlandieri tortoises and isolated nitrogen-fixing klebsiellas from 32 them. Additionally, we performed a gut metagenomic study with Illumina sequencing 33 from a healthy Mexican G. berlandieri tortoise, and the nif genes identified in the feces 34 microbiome matched those from Klebsiella variicola. Fecal bacterial composition from 35 tortoises was similar to that reported from other reptilian guts. 36 3 37 Introduction 38 Nitrogen fixation is a unique biochemical process carried out by nitrogenases 39 encoded by nif genes, which are found in only a few prokaryotes (1). Nitrogen fixation 40 is energetically expensive and nitrogen-fixing bacteria are in many cases minor 41 components of the microbial community that nevertheless provide a valuable ecological 42 service (2). Nitrogen-fixing bacteria are called diazotrophs (3). 43 When associated with nitrogen-fixing bacteria, insects or plants may inhabit in 44 nitrogen poor conditions. Termites contain nitrogen-fixing bacteria in their guts that 45 allow them to grow in wood, similarly wood eating beetles contain nitrogen-fixing 46 bacteria (4). Nitrogen fixation by Klebsiella variicola occurs in the fungal garden of 47 ants (5). A novel betaproteobacterium capable of fixing nitrogen is a recently described 48 symbiont that is transmitted by eggs of carmine cochineals which feed on cacti as the 49 Gopherus berlandieri tortoise does (6). Cacti have high sugar content and are nitrogen 50 poor, conditions that would be favorable for nitrogen fixation in animals that use cacti 51 for food, such as the carmine cochineal or the G. berlandieri tortoise. 52 G. berlandieri, is distributed from North Mexico (states of Coahuila, Nuevo 53 Leon and Tamaulipas) to South-central Texas in United States (7). This species 54 generally maintains restricted mobility by living for prolonged times in the same 55 burrow (8) and its diet is mainly composed of grasses, weeds and cacti. On the other 56 hand, the African spurred tortoise, Centrochelys sulcata, which is also vegetarian, lives 57 in West Africa (9). 58 Metagenomic analyses have contributed to gain a better insight on taxonomic 59 composition and functions of the gut microbiota of various species, including non-60 model organisms, such as sea turtles (10). Gut microbiota may confer adaptability to 61 herbivorous tortoises such as G. berlandieri and C. sulcata naturally exposed to low 4 62 nitrogen-content diets. The aim of this research was to identify nitrogen-fixing species 63 in the gut microbiota of G. berlandieri and C. sulcata. In addition we present one G. 64 berlandieri fecal metagenome analysis and nuclear magnetic resonance (NMR) 65 spectroscopy-based identification of the exometabolites produced by one of the 66 nitrogen-fixing bacterial isolates from the gut microbiota of G. berlandieri and by K. 67 variicola F2R9 as reference. 68 69 Materials and methods 70 Samples 71 Six samples -each from a different individual-were obtained from G. 72 berlandieri turtles kindly supplied by Ezer Yniestra with permission of SEMARNAT. 73 They were fed with a vegetarian diet based mainly on cactus cladodes, grass, clover, 74 dandelion and lettuce and received a dietary supplement based on vegetables once a 75 week. They were dewormed annually and never received antibiotics. Another tortoise 76 species with similar habits and life conditions is the African turtle C. sulcata. A C. 77 sulcata stool sample was provided by Zoofari local zoo and used to detect acetylene 78 reduction, additional samples were from Dr. Alejandro Alagón's C. sulcata tortoise, 79 which has been also maintained under a vegetarian diet. 80 All stool samples were collected using sterile falcon tubes and stored at -20°C. 81 The unique sample used for metagenomic DNA extraction and sequencing, consisted 82 of feces from a female adult G. berlandieri tortoise from the herpetarium of the National 83 Autonomous University of Mexico Faculty of Sciences, located in Mexico City 84 (Mexico). This followed an herbivorous diet and did not take antibiotics at least the 85 year before the sample was taken. 5 86 87 Nitrogen-fixing bacteria isolation and acetylene reduction 88 assays 89 90 Samples of feces of six individuals of G. berlandieri and one of C. sulcata were 91 employed for nitrogen-fixing bacteria isolation and molecular identification, as well as 92 food samples of G. berlandieri consisting on a mixture of 85% of cactus (nopal) and 93 15% lettuce. Glass vials of 10 ml were filled with 5 ml of soft agar nitrogen free medium 94 (Na 2 HPO 4 ·12H 2 O 0.22% w/v; NaH 2 PO 4 ·H 2 O 0.0425% w/v; MgSO 4 ·7H 2 O 0.04375% 95 w/v; C 12 H 22 O 11 0.1%; Fahraeus traces 0.1% v/v and agar 0.22%). Six replicates of each 96 sample were inoculated and incubated for 2 days into the medium (3 replicates at 30°C, 97 and the others at 37°C). After that cotton plugs where changed for hermetic rubber caps, 98 0.6 ml of acetylene were injected in the flasks and incubated for 3 days. A volume of 99 0.4 ml of air from each vial was used for ethylene and acetylene detection by gas 100 chromatography (GC). In addition, acetylene reduction activity of the stools samples 101 and isolates were tested using different carbon sources, such as sucrose, glucose and D-102 gluconic acid sodium salt. 103 104
7 136 (250 rpm), and initial OD600 ~ 0.1, during 24h. Subsequently, he relative bacterial 137 growth was measured by comparison with the respective sample. 138 139 DNA extraction and metagenome sequencing 140 DNA extraction was performed with the following modifications of the protocol 141 described by Zhang et al. (16) . The ethanol wash was performed on ice followed by 142 centrifugation at 4°C; lysis was carried out by using liquid nitrogen, and the incubation 143 with K proteinase was conducted during 4 hours at 45°C. A 1:1 liquid-liquid extraction 144 was done with phenol by shaking gently for 10 minutes and centrifuging at 3000 g for 145 10 minutes. A second extraction was conducted with phenol:chloroform:isoamyl 146 alcohol 25:24:1 by shaking gently for 10 minutes and centrifuging at 3000 g for 10 147 minutes. DNA was precipitated using isopropanol 99% overnight at -20°C, followed 148 by centrifugation (30 min, 8000 g) to decant it. The pellet was washed twice with 1ml 149 of 70% ethanol and dried, then resuspended in 30 µl of TE buffer 10/1 and incubated 150 with 10 µl of RNasa (1mg/ml). To avoid the presence of cetrimonium bromide (CTAB), 151 which has a soapy consistency, a third extraction using phenol:chloroform:isoamyl 152 alcohol 25:24:1 was performed by shaking gently for 10 minutes and centrifuging at 153 16000 g for 10 minutes. DNA was precipitated using cold isopropanol for 3h at -20°C, 154 and a centrifugation step at 16000 rpm for 20 min The phylogenetic tree obtained indicated that the closest bacteria species to the 256 nitrogen-fixing isolates from G. berlandieri and C. sulcata is K. variicola for most of 257 the strains, and K. michiganesis and K. oxytoca for one of the isolates from C. sulcata 258 and the strain isolated from the food of G. berlandieri (Fig 3) , which was congruent 259 with fingerprints found by BOX-PCR. The 16S rRNA gene sequence analysis of the 260 non-nitrogen-fixing isolated strains revealed that they were close to Raoultella 261 ornithinolytica and Klebsiella pneumoniae (not shown). Coding sequences of nitrogen-fixing genes from different species were blast to 335 the metagenome assembly using tblastn. Non-virus, archaea or protist genes related to 336 nitrogen-fixation were found in the microbiome of G. berlandieri. According to the 337 tblastn analysis this property may be attributed to genes belonging to bacteria, most of 338 them from the genera Klebsiella. In addition, the twenty genes of the Nif complex in 339 Klebsiella variicola were found in the metagenome assembly by blastn (Table 2) . 340 341 A total of 174 genes associated to virulence in Klebsiella were aligned with the 345 metagenome assembly using blastn (29-35). According to it, 38 putative virulence 346 genes were found in the metagenome assembly using as selection criteria an identity up 347 to 95% throughout all the gene sequence (Table 3) , of which 22 correspond to K.
348 variicola, 15 belong to K. pneumoniae and 1 to K. aerogenes. The complete list of 349 studied genes is presented as S3 Table. 350 351 Table) .
360 Here, we found alanine as an exo-metabolite of KGB_5 in both nitrogen-containing and 361 nitrogen-free medium by 1H-NMR, as well as in the extracellular culture medium of K.
362 variicola F2R9 in nitrogen-containing minimal medium. A trace amount of alanine was 363 detected in the nitrogen-containing minimal medium, with a concentration more than 364 30 times lower than the found in bacterial cultures grown in this medium. 
